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Objective: The aim of this study was to investigate the site-dependent changes in the structure and
function of articular cartilage in the lapine knee joint at a very early stage of osteoarthritis (OA), created
experimentally by anterior cruciate ligament transection (ACLT).
Methods: Unilateral ACLT was performed in eight mature New Zealand white rabbits. ACL transected and
contralateral (C-L) joints were prepared for analysis at 4 weeks after ACLT. Three rabbits with intact joints
were used as a control group (CNTRL). Femoral groove, medial and lateral femoral condyles, and tibial
plateaus were harvested and used in the analysis. Biomechanical tests, microscopy and spectroscopy
were used to determine the biomechanical properties, composition and structure of the samples. A linear
mixed model was chosen for statistical comparisons between the groups.
Results: As a result of ACLT, the equilibrium and dynamic moduli were decreased primarily in the femoral
condyle cartilage. Up to three times lower moduli (P < 0.05) were observed in the ACLT group compared
to the control group. Signiﬁcant (P < 0.05) proteoglycan (PG) loss in the ACLT joint cartilage was observed
up to a depth of 20e30% from the cartilage surface in femoral condyles, while signiﬁcant PG loss was
conﬁned to more superﬁcial regions in tibial plateaus and femoral groove. The collagen orientation angle
was increased (P < 0.05) up to a cartilage depth of 60% by ACLT in the lateral femoral condyle, while
smaller effects, but still signiﬁcant, were observed at other locations. The collagen content was increased
(P < 0.05) in the middle and deep zones of the ACLT group compared to the control group samples,
especially in the lateral femoral condyle.
Conclusion: Femoral condyle cartilage experienced the greatest structural and mechanical alterations in
very early OA, as produced by ACLT. Degenerative alterations were observed especially in the superﬁcial
collagen ﬁber organization and PG content, while the collagen content was increased in the deep tissue
of femoral condyle cartilage. The current ﬁndings provide novel information of the early stages of OA in
different locations of the knee joint.
 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Anterior cruciate ligament transection (ACLT) (the Pond-Nuki
model1) is a recognized method to induce osteoarthritis (OA) inJ.T.A. Mäkelä, Department of
stonranta 1, POB 1627, 70211
).
ternational. Published by Elsevier Lanimal models2e7. Without the ACL resisting primary anterior tibial
displacement and internal tibial rotation, loading patterns of the
knee joint change8, leading to degenerative changes in metabolism
and structure of articular cartilage9. These changes are character-
istic markers of early OA10. ACL rupture can lead to OA even with
reconstructive surgery11, but if the very ﬁrst mechanisms respon-
sible for the tissue changes are known, strategies may be developed
to stop or limit the progression of OA.
Cartilage consists mainly of interstitial water, collagen (type II)
ﬁbers, and proteoglycans (PGs)12. The ﬂuid phase (water) primarilytd. All rights reserved.
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the tissue, while collagen ﬁbers resist mainly tensile stresses. Under
prolonged load, when ﬂuid ﬂow in the tissue has ceased, the PG
mesh resists cartilage compression12. The ﬁrst degenerative
changes of cartilage structure have been observed to start from the
superﬁcial layer where PG content decreases and collagen ﬁbrilla-
tion occurs6,7,13e18. When cartilage also swells, increased ﬂuid
content and reduced solid content in the degenerated cartilage
allows for easier ﬂow of the interstitial water out of the loaded
cartilage. These structural changes lead to alterations in the
biomechanical properties of articular cartilage; permeability in-
creases and dynamic and equilibrium stiffness decrease7,19.
In, in vivo experimental studies aimed at identifying the ﬁrst
signs of OA, different animals (e.g., dogs14,20, rabbits3,13,21e23, ro-
dents6, sheep24) and mechanical interventions (e.g., ligament
transection13,23, meniscectomy22,25, traumatic impact26, combina-
tion of these20,27,28) have been used. Simultaneous transection of
the anterior and posterior cruciate ligaments combined with
meniscectomy have been shown to lead to noticeable degradation
of articular cartilage as early as 2 weeks after the intervention29.
However, in ACL transected rabbits, the ﬁrst signs of cartilage
deterioration have been reported to occur at 4 weeks3,13,21. Super-
ﬁcial PG loss and degradation of the collagen matrix organization
have been detected, while no signiﬁcant changes in the collagen
content have been observed.
Earlier studies investigating the effect of ACLT on degenerative
changes of cartilage have usually concentrated on either the
femoral, the tibial or the patellar cartilage3,13,20,21,23,27. Results of
structural and mechanical differences between sites in the knee,
especially with a depth-wise structural analysis and a very short
time period after transection, are lacking. Also in ACLT models,
unilateral transection is used as the golden standard, with the
contralateral side often used as the control5,6,13,14,30,31. However,
evidence of systematic changes in contralateral limbs exist23, thus
the question arises whether the contralateral joint should be used
as an unaffected control.
The aim of this study was to investigate the structural and
functional changes of articular cartilage in the lapine knee, and the
site-dependence of these changes at a very early stage of OA,
created experimentally by ACLT. Biomechanical measurements
were used to analyze the changes in the elastic properties of
cartilage. Microscopic and spectroscopic methods were applied to
analyze depth-dependent composition, i.e., collagen and PG con-
tent and collagen orientation of the samples. The femoral groove,
lateral and medial femoral condyles, and tibial plateaus of trans-
ected, contralateral and non-transected control knees were used
for site-speciﬁc analysis. To our knowledge, this is the ﬁrst time
these early changes in lapine articular cartilage structure andFig. 1. Analyzed locations in the lapine knee joints. Articular cartilage samples in the late
biomechanically tested and used for determinations of tissue structure and composition. In
for microscopy and spectroscopy are marked with solid lines. Spaces between lines are nofunction have been investigated in a site-speciﬁc manner, only at 4
weeks after ACLT.
Methods
A brief presentation of the materials and methods is given here.
More details are presented in the Supplementary Material.
Animal model
Skeletally mature, female New Zealand white rabbits (Orycto-
lagus cuniculus, age 14 months, n ¼ 11) were used for all tests.
Unilateral ACLT was performed in eight rabbits and the contralat-
eral joints were used for analysis as a contralateral (C-L) group13.
Six knee joints from three non-operated rabbits were used as a
separate control group (CNTRL). Animals were sacriﬁced at 4 weeks
following ACLT and knee joints were dissected and immersed into
phosphate buffered saline (PBS). ACLT and C-L group knees were
frozen in dry ice and shipped from Calgary, Alberta, Canada to
Kuopio, Finland. The CNTRL group samples were tested biome-
chanically ﬁrst in Calgary before shipping them to Kuopio in
formalin ﬁxative. ACLT procedures for rabbits were approved by the
Animal Ethics committee at the University of Calgary and the
guidelines of the Canadian Council on Animal Care were followed.
Biomechanical tests
For biomechanical measurements, cartilage-on-bone samples
were harvested [Fig. 1]. Biomechanical measurement locations
were deﬁned as the top point (apex of the posterior curvature) of
femoral condyles and groove and the central point of tibial plateaus
for femur and tibia, respectively32,33. Samples were glued to the
bottom of a measuring chamber for each measurement and the
chamber was ﬁlled with PBS. A stress-relaxation protocol was
implemented using a ramp rate of 100 %/s (350 150 mm/s), 3 5%
steps and 15 min relaxation time after each step, after which a si-
nusoidal dynamic test was performed with a frequency of 1 Hz
(amplitude 4% of remaining tissue thickness, four cycles). Both
equilibrium and dynamic linearly elastic moduli were then deter-
mined similarly as earlier34e36.
Microscopic and spectroscopic analysis
After biomechanical measurements, the samples were ﬁxed in
formalin, decalciﬁed, processed in graded alcohol solutions and
embedded in parafﬁn. Histological sections were then cut
perpendicular to the cartilage surface. Digital densitometry (DD)
sections (thickness w3 mm) were stained with Safranin O37 whileral and medial femoral condyles (A), tibial plateaus (B) and femoral groove (C) were
dentation locations are marked with black dots, while the directions of slices prepared
t to scale.
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Fig. 2. Microscopic images of safranin O stained sections (left), collagen orientation maps (center) and amide I absorption maps (right) used to analyze PG content, collagen
orientation angle and collagen content, respectively, using digital densitometry (DD), polarized light microscopy (PLM) and Fourier Transform Infrared (FTIR) spectroscopy.
Representative examples from ACLT, C-L and CNTRL groups have been presented.
Table I
Mean values (95% CI) of Mankin scores
ACLT C-L CTRL
Femoral condyle Lat 4.5 (1.7e7.3)*,** 0.9 (0.2e1.6) 0.7 (0e2)
Med 4.8 (3.0e6.5)*,** 1.4 (0.6e2.1) 0 (0e0)
Tibial plateau Lat 1.0 (0.3e1.7) 0.4 (0e0.7) 0.2 (0e0.5)
Med 1.9 (1.4e2.3)* 1.6 (1.3e2.0)* 0.2 (0e0.5)
Femoral groove 1.3 (0.8e1.7)* 0.8 (0.3e1.2) 0.2 (0e0.5)
*P < 0.05, compared to CTRL.
**P < 0.05, comparison between ACLT and C-L.
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microscopy (PLM) sections (thickness w5 mm) underwent enzy-
matic removal of PGs prior to the measurements using hyaluroni-
dase (1,000 U/ml hyaluronidase, SigmaeAldrich, St. Louis, MO,
USA)13.
Using DD, grayscale images of safranin O stained sections were
captured with a light microscope (Olympus CH-2, Olympus, Tokyo,
Japan) and a CCD camera (PerkinElmer, MA, USA). The optical
density was used to estimate the distribution of tissue PGs37,38
(Fig. 2). PLM was used to analyze collagen orientation angles
(0 ¼ parallel to the cartilage surface) based on the Stokes param-
eters39,40. The used instrument was Leitz Ortholux II POL-polarized
microscope (Leitz, Wetzlar, Germany) equipped with a CCD camera
(Photometrics CH 250/A, Photometrics Inc., Tucson, AZ, USA).
Collagen content was estimated with FTIR (PerkinElmer Spotlight
300, PerkinElmer, Shelton, CO, USA) by integration of the Amide I
region (1,585e1,720 cm1)16,41e43. Transversely averaged depth-
wise proﬁles were created from the sections of each sample at 1%
increments of normalized depth. Finally, every sample was given a
Mankin score to represent the severity of OA (average value of three
blinded scorers)44,45.
Statistical analysis
Statistical point-by-point comparisons between the groupswere
made using a linear mixed model analysis of variance (ANOVA).
Using this approach, potential interrelations between the samples,
i.e., dependence between the samples from the same animal, could
be taken into account.
Results
Mankin scoring
Average Mankin scores ranged from 1.0 to 4.8 in the ACLT group
samples, highest values observed for femoral condyles. Group av-
erages in the C-L and CNTRL group samples ranged from 0.4 to 1.6and from 0 to 0.7, respectively. Except for lateral tibial plateau
cartilage, Mankin scores of the samples were signiﬁcantly greater
(P < 0.05) at all sites in the ACLT compared to the CNTRL group
(Table I). In femoral condyles, the ACLT group values were also
signiﬁcantly greater than those in the C-L group (P < 0.05). The
average Mankin score in the C-L group samples, compared to the
CNTRL group samples, was signiﬁcantly higher only at the medial
tibial plateau (P ¼ 0.010).
Elastic moduli
There were no signiﬁcant differences in the thicknesses of the
cartilages between the groups. ACLT caused alterations in the
equilibrium and dynamic moduli, especially in the femoral condyle
cartilage (Tables II and III). In the femoral condyles, the equilibrium
modulus of cartilage was signiﬁcantly lower in the ACLT than that
observed in the C-L group, for both, the lateral (P ¼ 0.034) and the
medial side (P¼ 0.019). The equilibriummodulus of medial femoral
condyle cartilage in the ACLT group was also signiﬁcantly lower
than that obtained in the CNTRL group (P ¼ 0.049). The dynamic
elastic modulus of femoral condyle cartilagewas signiﬁcantly lower
in the ACLT and C-L groups compared to the CNTRL group animals,
both in the lateral (P < 0.001 and P ¼ 0.001, respectively) and
medial sides (P < 0.001 and P ¼ 0.006, respectively). Tibial plateau
cartilage properties were altered only on the lateral side, where the
Table II
Mean values (95% CI) of cartilage equilibrium elastic modulus (MPa)
ACLT C-L CTRL
Femoral
condyle
Lat 0.58 (0.22e0.95)** 1.12 (0.76-1.48) 1.27 (0.73e1.80)
Med 0.61 (0.11e1.11)*,** 1.26 (0.76-1.76) 1.99 (1.24e2.75)
Tibial
plateau
Lat 0.24 (0e0.6)* 0.77 (0.43e1.11) 1.26 (0.87e1.66)
Med 0.63 (0.45e0.82) 0.81 (0.61e1.01) 0.56 (0.29e0.83)
Femoral
groove
0.76 (0.35e1.17) 0.79 (0.40e1.18) 0.72 (0.13e1.31)
*P < 0.05, compared to CTRL.
**P < 0.05, comparison between ACLT and C-L.
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lower than that of the CNTRL group cartilage (P ¼ 0.002). No sig-
niﬁcant differences in the moduli were observed in the femoral
groove cartilage.
PG content
ACLT modulated the amount of PGs in the ACLT group cartilage
for all sites [Fig. 3]. The amount of PGs in the ACLT group, compared
to the other groups, was reduced signiﬁcantly in the top 20e30% of
tissue thickness in the femoral condyle and femoral groove carti-
lages, and in the top 10% in the tibial plateau cartilages. In the
medial tibial plateau, the C-L group differed also signiﬁcantly from
the CNTRL group in the top 5% of cartilage thickness. In the lateral
femoral condyle, the ACLT and C-L groups, compared to the CNTRL
group, had signiﬁcantly greater PG concentration between w20
and 78% of normalized tissue depth. The same ﬁnding was obtained
in the medial tibial plateau (w25e78% of normalized depth), yet
the difference between C-L and CNTRL was not signiﬁcant.
Collagen orientation
The superﬁcial collagen ﬁbrils were more disorganized, i.e., less
parallel to the surface, in the ACLT and C-L groups compared to the
CNTRL group at all measurement sites [Fig. 4]. Signiﬁcantly
increased collagen orientation angles in the ACLT joint cartilage,
compared to the CNTRL group samples, reached up to 57%, 21% and
33% of tissue thickness in lateral femoral condyles, medial tibial
plateaus and femoral groove, respectively. In the lateral femoral
condyle and tibial plateau, the ACLTgroup also differed signiﬁcantly
from the C-L group with the difference reaching up to 51% of the
normalized tissue depth.
Collagen content
In the femoral condyles, the collagen content was higher in the
middle and deep zones of the ACLT joint samples compared to the
other groups [Fig. 5]. In the lateral femoral condyle, this increased
collagen content reached almost the cartilage surface (w13e100%Table III
Mean values (95% CI) of cartilage dynamic elastic modulus (MPa)
ACLT C-L CTRL
Femoral
condyle
Lat 2.86 (0.87e4.86)* 3.44 (1.44e5.44)* 9.97 (7.66e12.28)
Med 1.98 (0.98e2.98)* 3.51 (2.52e4.51)* 6.49 (5.08e7.90)
Tibial
plateau
Lat 3.26 (1.88e4.65) 2.92 (1.53e4.30) 5.97 (3.85e8.09)
Med 2.25 (1.85e2.64) 1.93 (1.54e2.33) 1.69 (1.10e2.28)
Femoral
groove
4.80 (2.73e6.87) 4.54 (2.46e6.61) 4.94 (1.73e8.14)
*P < 0.05, compared to CTRL.
**P < 0.05, comparison between ACLT and C-L.of normalized depth), while in the medial side, the increase was
only observed between w50% of cartilage thickness to the carti-
lageebone interface. Medial femoral condyle cartilage samples of
the ACLT group had greater amount of collagen than those of the
CNTRL group also in the most superﬁcial cartilage layer (w3e6%
depth from the surface).
In the tibial plateaus and femoral groove, the collagen content
was signiﬁcantly smaller in the superﬁcial and middle layers of
ACLT group cartilages compared to the CNTRL group samples; the
difference was observed up to w50 % of normalized tissue depth.
Tibial plateau cartilages of the ACLT group differed signiﬁcantly also
from the C-L group cartilages betweenw8 and 36 % andw10e23%
of tissue thickness in the lateral and medial tibial plateaus,
respectively. In the deep layers of C-L group cartilage, the medial
tibial plateau had signiﬁcantly lower collagen content (from
w61% to w100% of tissue thickness) than ACLT and CNTRL group
tissues. This was also found to be true for femoral groove cartilages
(w40e100% normalized depth).
Discussion
This is the ﬁrst study aimed at investigating site-dependent
changes in the structure, composition and function of articular
cartilage at a very early stage of experimentally induced OA; 4
weeks after ACL transection of the rabbit knee. Structural and
functional changes were observed both in the transected and non-
transected contralateral knee joints, and alterations in cartilage
properties were highly site-dependent. Degenerative changes of
cartilage caused by ACLT were primarily observed in femoral con-
dyles, as demonstrated by alterations in the Mankin score, elastic
moduli, collagen ﬁbril orientation and PG content. Signiﬁcant ACLT-
induced changes in the collagen orientation angle and PG content
of lateral femoral condyle cartilage were detected as deep asw60%
and w20% of cartilage thickness, respectively, while increases in
the collagen content were observed in the middle and deep zones
of cartilage.
The causes for the dramatic deterioration of femoral condyle
cartilage, and the less severe degradations in other locations, may
be associated with the site-speciﬁc joint loading. The primary
function of the ACL is to restrain anterior tibial displacement and
internal tibial rotation. ACL deﬁciency changes the knee joint ki-
nematics causing the contact locations in the tibio-femoral
compartment to shift during loading compared to the ACL intact
joint8,46. This may have caused more dramatic contact and shear
stress alterations in femoral condyles compared to other locations.
Human follow up study has also indicated the femoral condyle
cartilage being the most vulnerable (compared to the other loca-
tions used here) to abnormal joint loading, from one to 11 years
after ACL injury11.
The PG content and collagen orientation angle were most
affected by ACLT and changes in these parameters were most pro-
nounced in the superﬁcial and middle layers of cartilage. These
alterations have commonly been observed as the ﬁrst structural
signs of early OA6,7,13e18. It appears that cartilage may not be able to
adapt to the rapid changes in loading conditions following ACLT,
and the increased tissue stresses and strains, and the altered ﬂuid
pressures may affect the integrity of the superﬁcial zone cartilage.
While the collagen content may not be affected in early OA, de-
creases in the PG content and alterations in the collagen matrix
organization may decrease the stiffness of the superﬁcial zone
cartilage, thereby increasing the vulnerability of the tissue to
additional damage and OA progression.
Alterations in the collagen content following ACLT were highly
site-speciﬁc and surprising. An unexpected change was the in-
crease in the collagen content in the deep zone of cartilage,
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ferences between two groups of those colors (P < 0.05).
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animals. Increases in the collagen content suggest a ﬁbrotic
response to the altered environment. Results suggesting a synthesis
of type II collagen have also been reported in the moderately
degenerated areas of very early OA articular cartilage47. However,
with progressive cartilage degeneration, this increase in the
collagen content could not be identiﬁed unequivocally29,47. As the
integrity of the superﬁcial zone cartilage was disturbed here, the
deep cartilage zone, and associated cells, may have been subjected
to abnormally high strains, stresses and ﬂuid pressures48. This
increased mechanical loading may have served as a pathway to an
intensiﬁed biological response of articular cartilage49e51. However,
the mechanical loading may not have been too excessive to cause
cell death in these early stages of OA. This idea is supported by the
increased PG content of cartilage in the deep zone of femoral
condyles in the ACLT group. On the other hand, the superﬁcial zone
collagen content of the ACLT group joints was smaller than that
observed in the control group cartilage for the tibial plateaus and
the femoral groove. This ﬁnding may be explained by the excessive
increase in stresses and strains at the cartilage surface46,52.
The modulus analysis indicated that ACLT alters the static
properties of cartilage mostly in femoral condyles of the ACLT
joints, while the dynamic properties are deteriorated also in the
non-operated, contralateral joints. The implication from this could
be that static loading of the joint, such as standing, allows forgreater deformations of cartilage primarily in femoral condyles, but
only in the ACLT joint. On the other hand, dynamic loading of the
joint, such as running, may cause greater deformations of cartilage
not only in the ACLT but also in the contralateral joint. These
different loading conditions can then cause differently ampliﬁed
deterioration of cartilage in a site- and group-speciﬁc manner.
PGs are primarily associated with the equilibrium stiffness of
articular cartilage12,53. Consequently, a decrease in the PG content
in the superﬁcial zone of femoral condyle cartilage in the ACLT
group was associated with a decrease in the equilibrium elastic
modulus. In the lateral tibial plateau, the change in the PG content
was not as severe as in the femoral condyles, but it was still enough
to cause a signiﬁcant change in the equilibrium modulus. In the
medial tibial plateau, the change in the PG content was even
smaller than in the lateral tibial plateau, and no change in the
equilibrium modulus could be detected. Unaltered modulus might
also be partly associated with the slightly increased PG content in
the deeper zones. In the femoral groove cartilage, the equilibrium
modulus was not altered due to ACLT, even though the PG content
had signiﬁcantly changed. This may be due to the lack of sensitivity
of indentation testing to the altered PG content and/or the rela-
tively small sample size.
The superﬁcial collagen ﬁber network is a major contributor to
the dynamic stiffness of cartilage54e56, and we observed a strong
relationship between these two characteristics. For example, we
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tion angle with a decrease in the dynamic elastic modulus for the
femoral condyle cartilages in the ACLT group compared to those in
the control group. However, differences in the dynamic modulus
between ACLT and contralateral joint cartilages were not signiﬁ-
cant, even though the collagen orientation angle was signiﬁcantly
changed in the lateral compartment.We speculate that the increase
in the collagen orientation angle was offset by the increase in the
collagen content, resulting in no net change in the dynamic stiff-
ness. The dynamic moduli of tibial plateau and femoral groove
cartilages were also unaffected by ACLT, even though their collagen
orientation angles were increased. In these locations, the collagen
content was not altered due to ACLT in the surface of cartilage. Thus,
similarly as in condyles, the collagen content may have controlled
the tissue response and the increased orientation angle in the ACLT
group may not have been enough to reduce the dynamic stiffness.
On the other hand, the dynamic elastic modulus of the lateral
condyle cartilage in the contralateral joint was onlyw30% of that in
the control joint, even though changes in the composition and
structure were minimal. It could be that the collagen network
integrity was changed ﬁrst. On the other hand, indentation is very
sensitive to changes in the most superﬁcial tissue layers, and thus,
even small changes in the collagen orientation angles (which were
statistically signiﬁcant here) could explain this difference.The collagen orientation angle was similar for most locations in
the ACLT and contralateral joint cartilages, but differed signiﬁcantly
from the control group samples. However, PG and collagen contents
were primarily altered in the ACLT group, while the values for the
contralateral and control group cartilages were similar for most
locations. Mankin scores also indicated that the contralateral joint
samples weremainly in good conditionwith only minor or no signs
of OA. These ﬁndings implicate that the superﬁcial collagen ﬁbers
are exquisitely sensitive to changes in loading patterns of the rabbit
knee. The injured, ACLT limb may change the gait cycle for both
limbs, thereby affecting also the loading of the contralateral knee.
In the patellar cartilage from these same animals tested here13, a
signiﬁcant difference was observed in the superﬁcial collagen
orientation angle and PG content between the ACLT and contra-
lateral groups. Here, the femoral groove, which is in contact with
patella, experienced only changes in the PG content of cartilage,
while the collagen orientation angle of the tissue was the same in
the ACLT and contralateral joints. As patella slides against femoral
groove during the joint motion, while our chosen, local measure-
ment point in the femoral groove is in contact with patella only
occasionally, this may have caused greater alterations to the
patellar cartilage than femoral groove cartilage. On the other hand,
we did not have a separate control group for patella. Thus, it could
also be that the contralateral joint cartilage in the femoral groove
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Fig. 5. Mean values (and 95% CI) of collagen content proﬁles in different groups and sites measured with FTIR. Dashed line in the top shows spatially signiﬁcant difference between
two groups of those colors (P < 0.05).
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comparison between other contacting joint surfaces indicated that
the collagen orientation and PG content in the ACLT group cartilage
differed more from the contralateral group samples in femoral
condyles. On the other hand, the collagen orientation angle be-
tween these groups was different only in the lateral joint
compartment both in femoral condyle and tibial plateau cartilages.
It may be that the contralateral group could be considered as a
control group only for some locations.
Mankin scores44,45 of the femoral condyle samples were much
greater than those for any of the other location, but they still ranged
from the mild to moderate category57. The scores of the ACLT group
samples were signiﬁcantly greater than those of the control group
cartilages, except for lateral tibial plateau. These results were
consistent with the structural and biomechanical analyses. As
Safranin O staining is one of the criteria graded in Mankin scoring,
consistently with the reduced PG content, an increased Mankin
score from the control to the contralateral group was detected only
in the medial tibial plateau cartilage. However, Mankin scoring
could not distinguish changes observed in the superﬁcial collagen
orientation angle between the control and contralateral groups.
There are limitations associated with this study. The ACLT and
contralateral joint samples were frozen prior to the biomechanical
testing, while the control group samples were tested fresh beforeembedding in formalin. This should not produce any differences,
because a single freezeethaw cycle should not produce changes in
the biomechanical properties of articular cartilage58,59. Some su-
perﬁcial PG loss has been observed earlier due to freezing60,61.
However, our results showed similar PG contents for the control
(not frozen) and contralateral (frozen) group samples for most of
the locations. Although the control group samples were tested with
different equipment, the authors could not detect any differences in
data between the different testing devices. Estimated cartilage
thicknesses prior to the biomechanical tests (see Supplementary
Material) were equally close to those analyzed using microscopy
both in Kuopio and Calgary. True displacements and forces were
always checked from the raw data. Both instruments had similar
resolutions for displacement and force, and they handled the
measurements well within the required strain rates. Potentially
different initial contact between the indenter and sample, caused
possibly by different operator, was checked by conﬁrming the
linearity of the equilibrium stressestrain curves.
We acknowledge the small sample size in the control group
(three rabbits, six knees). However, as the mixed model ANOVA
takes into account animal speciﬁc variations, we could use both
knees of these animals. Yet, the small sample size in the control
group might have been the cause for the lack of some signiﬁcant
differences. For instance, the equilibrium modulus of the lateral
J.T.A. Mäkelä et al. / Osteoarthritis and Cartilage 22 (2014) 869e878876femoral condyle cartilage was over 50% smaller in the ACLT than
control group animals, but this difference was not statistically
proven (P ¼ 0.117).
There are different mechanical testing geometries, all with their
advantages and disadvantages. We chose indentation testing, as it
has good sensitivity to reveal changes in the mechanical properties
of the superﬁcial zone of cartilage, the zone which has been shown
to be the ﬁrst to experience osteoarthritic changes6,13e16,55. Spe-
ciﬁcally, the importance of the collagen ﬁbril network in the su-
perﬁcial zone for the indentation stiffness has been demonstrated
earlier6,13e18,21,54,55,62. Also, indentation loading allows for testing
intact articular cartilage attached to its native bone. Other me-
chanical testing geometries, such as unconﬁned or conﬁned
compression testing, might be more sensitive in identifying the
predominantly PG deﬁned equilibrium properties, especially those
in the deeper cartilage layers35,55. However, these geometries
would have required removing the cartilage samples from their
native environment, which might cause loosening of the collagen
ﬁbril tension and altering the mechanical response of the
tissue35,63.
Test animals received antibiotics and pain medication to reduce
inﬂammation and pain caused by the surgery. When opened, the
joints showed no macroscopic signs of cartilage degeneration.
However, inﬂammation in traumatized cartilage has been shown
earlier64. We also do not know if the surgery itself caused inﬂam-
matory cytokine production. These might have contributed to the
results. A sham-operated group of animals might have allowed us
to address this question, but that was not done here.
The rabbit knee differs in shape from the human knee and ex-
ceeds the human knee’s range of motion65. These differences have
to be considered when attempting to use the present results in the
context of the human knee and its development of early OA.
Nevertheless, the basic bony structure, ligamentous stabilization
and muscular control are similar between the rabbit and human
knee, and OA development, albeit much faster in the rabbit than in
humans following ACLT, follows a similar pathological sequence of
events3.
In conclusion, ourﬁndings provide novel information on the site-
dependent changes in the mechanical and structural properties of
articular cartilage in very early experimental OA. They suggest thatTable IV
Summary of the changes in the structure and function of early osteoarthritic carti-
lage, as caused by ACLT, in the superﬁcial (0e5 %, S), middle (5e15 %, M) and deep
(15e100 %, D) zones of the tissue. Tissues were characterized 4 weeks after ACLT. In
this comparison, the ACLT group samples have been compared to the control group
samples
Femoral
condyle
Tibial
plateau
Femoral
groove
Lat Med Lat Med
Mankin score [ [ 4 [ [
Equilibrium modulus 4 Y Y 4 4
Dynamic modulus Y Y 4 4 4
PG content S Y Y Y Y Y
M Y Y 4 4 Y
D [ 4 4 [ 4
Collagen orientation
angle
S [ [ [ [ [
M [ 4 4 [ [
D [ 4 4 4 4
Collagen content S [ [ 4 4 4
M [ 4 Y Y Y
D [ [ 4 4 4the femoral condylar cartilage is affected the most in early OA
induced by ACL injury (Table IV), while tibial plateau and femoral
groove cartilages seem more resistant to the altered loading condi-
tions following ACLT. Still, even the non-weight-bearing cartilage in
the femoral groove cartilage showed early OA-like changes. The
change in loading following ACLT led to degenerative alterations
in the superﬁcial collagen ﬁber organization and PG content. The
results of this study also suggests a possible increase in biological
response, causing increases in the collagen content in the middle
and deep zones of femoral condyle cartilage. ACLT causes speciﬁc
and site-dependent alterations in cartilage structure and function,
which must be considered when drawing conclusions from the re-
sults of early OA studies. The current ﬁndings may help to optimize
strategies for the prevention of OA, provide novel ways for predict-
ing the time course of OA onset and progression, andmaybe used to
develop effective treatment strategies aimed at stopping or slowing
OA progression.Contributions
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